Objective: Study fertility outcome in males with congenital adrenal hyperplasia.
F ertility in congenital adrenal hyperplasia (CAH), especially in its most common variant, 21-hydroxyalse deficiency (21OHD), has been reported to be both normal (1) and impaired (2) (3) (4) (5) . Testicular adrenal rest tumors (TARTs), present in up to 86% to 94% (4, 6) of cases, are often considered to be the main reason for subfertility in males with CAH (4, 5, 7) . Sperm quality has been reported to be impaired in many males with CAH, and with decreased fecundity (4) (5) (6) (8) (9) (10) . We have previously reported that reduced fertility in females with CAH was related to the severity of disease (phenotype and genotype) and was mainly attributed to social and psychosexual aspects (11) . Also in males with CAH, social circumstances (4, 5) , sexuality, and genotype (4) have been investigated regarding fertility, but the findings have not been as clear. Socioeconomic factors may affect fertility in the general population or, at least, in females (12) . Moreover, a summary of the literature has shown an unclear 2:1 female-to-male ratio for children of females with CAH (11) . The sex ratio in the children of males with CAH has never been studied. Neonatal screening for CAH has been introduced in many countries to improve early diagnosis and to prevent neonatal mortality and morbidity due to salt-losing crisis (13) . There have recently been indications that long-term outcomes may also be improved in some (14) (15) (16) , but not all, aspects by neonatal screening (17) . It has not been studied whether screening affects fertility outcome.
The aims of the current study were to investigate the frequency and number of biological and adopted children as indirect measures of fertility in relation to socioeconomic characteristics, as well as the sex ratio and CAH frequency of these children in a total population study on all males in Sweden with 21OHD. In addition, we wanted to assess whether the outcomes differed between the phenotypes and genotypes, and before and after the introduction of the nationwide neonatal screening.
Subjects and Methods

Subjects
Patients with 21OHD and a complete personal identification number born between 1910 and 2013 were identified, using the National CAH Registry (n = 640) (18) or the National Patient Register and the International Classification of Diseases (ICD)-8 (255.01, 255.08), ICD-9 (2552, 255C), and ICD-10 (E25.0) (n = 74) (in total, N = 714). Patients registered three or more times with the ICD codes were further scrutinized by checking all of their ICD codes to determine if an alternative diagnosis was more likely. The National CAH Registry included all patients found via the National Neonatal Screening Program, latediagnosed patients reported to the screening laboratory, all Swedish patients who underwent CYP21A mutations analysis, and all known to our hospital through previous or current clinical contacts or studies (since the 1940s). The process has been described in detail previously (14-16, 19, 20) . All females and males under the age of 15 were subsequently excluded. Thus, 221 males with 21OHD age 15 years or older were included. The age of 15 was used because it is the age at which a person is legally competent to consent to sexual acts in Sweden. However, neither marriage nor a registered partnership is permitted under the age of 18.
The patients were divided into the three phenotype groups [i.e., salt-wasting (SW), simple virilizing (SV), and nonclassic (NC)]. In addition, they were divided into the five most common genotype groups (i.e., null, I2 splice, I172N, P30L, and V281L) according to CYP21A2 mutation analyses, as previously described (13, 18) , with the mildest mutation defining the genotype group in compound heterozygotes. Null is associated with the SW phenotype, I2 splice is usually associated with SW, I172N with SV, and V281L with NC (13) . The severity of P30L is in between SV and NC (13), but it was defined in this study as SV. Those with unknown CYP21A2 mutations were classified phenotypically if clear clinical data were available. Patients with genetically verified or phenotypical NC disease were combined and categorized as the NC group.
Study protocol
For each male with CAH, 100 unexposed males were identified (if possible) and matched by birth year, sex, and place of birth in the Total Population Register. Patients who had immigrated to Sweden were matched for this factor as well, using the Migration Records.
The unique Swedish personal identification number enabled unambiguous linkage between the population-based registers. All data were de-identified by the register holders before delivery. The Multi-Generation Register contains information on relationships between individuals registered in Sweden since 1961, and born in 1932 or later, and their parents. It was used to acquire data on marriage, partnership, divorce, and biological and adopted children. Registered partnership was a possibility for two people of the same sex to have the same legal rights as married couples in Sweden from 1994 to 2009, after which time the Swedish Marriage Code became sex neutral. In the case the parents are married, it is assumed that the husband is the father. If the parents are not married, the father has to sign a document stating that he is the father of the child. Adopted children are registered using a different process when they come to their parents. Both parents sign documents accepting parenthood. The Longitudinal Integrated Database for Health Insurance and Labor Studies were used to retrieve data on income, education, and place of residence from 1990 to 2013, whereas the Registry of Education was used for data concerning education from 1985 to 1989. Income was divided into four groups: 0% (none), 0% to 20% (low), 20% to 80% (middle), and .80% (high) percentile of the mean income of the studied year. The region of residence was divided into metropolitan, larger regional, smaller regional, and rural/remote according to the Swedish Agency for Economic and Regional Growth (https://tillvaxtverket.se/statistik/regionalutveckling/regionala-indelningar/regiontyper.html).
The study was approved by the Regional Ethical Review Board in Stockholm, Sweden.
Statistical analysis
A conditional logistic regression model was used to estimate the association between CAH and the different outcomes. Fatherhood was also in one model adjusted for marriage, region of residence, education, and income (i.e., socioeconomic factors). All proportions were calculated with discounting of missing values. Odds ratios (ORs) were calculated with 95% confidence intervals (CIs). When means 6 standard deviation (range) are presented, the Wilcoxon rank-sum test was used. SAS (version 9.4) was used for all statistical analyses. Tables 1 and 2 show the results for the entire cohort, including before and after the introduction of neonatal screening, whereas Tables 3 and 4 show the results for the phenotype and genotype groups. Supplemental Tables 1  and 2 show the number of individuals for each outcome in the phenotype and genotype groups, whereas Supplemental Tables 3 and 4 show the number of individuals in each outcome before and after the introduction of neonatal screening.
Results
Characteristics of the patients and controls
The mean age of the 221 males with 21OHD included was 36.2 6 15.5 years (range, 15 to 81 years). The severity could be established in 165 patients (74.7%). Details concerning the number of individuals and their mean age in the different phenotypes and genotypes are shown in Table 3 . National neonatal screening for CAH was introduced in Sweden in 1986; 138 CAH males (45.0 6 13.0 years; range, 30 to 81 years) were born before its introduction and 83 thereafter (21.5 6 3.6 years; range, 15 to 28 years). Controls, matched for sex and year and place of birth, were included from the Total Population Registry (n = 22,024). This cohort has been updated to 2013 (previously 2009) and thus includes more males $15 years old than the smaller cohort reported on previously (14-16, 19, 20) . No. of adopted children n = 1 1 (25%) 97 (66.9%)
ORs are presented for males born before and after the introduction of neonatal screening in Sweden (1986) . No ORs and CIs were calculated when no patient had the condition. a Of biological children.
c For socioeconomic factors (i.e., marriage status, region of residence, education, and income; however, the only factor that significantly changed the OR was marriage status). d P = 0.05-0.08.
Biological and adopted children
The number of males with at least one biological child was lower in the entire cohort of patients with CAH compared with controls (OR, 0.5) ( Table 1 ). The likelihood of being a father was decreased in the SW group, whereas in the SV, null, I2 splice, I172N, and P30L groups, the OR was low, but not significantly so (Table 3 ). There was a tendency to be more fathers in the NC group than in controls. The age at the birth of the first child was similar in all patients, compared with controls. The mean age for becoming a father for the first time was similar for the entire CAH cohort compared with controls (28.2 6 5.0 vs 28.9 6 5.3 years, P = nonsignificant), SV, I2 splice, and P30L (data not shown), but lower in SW (25.9 6 3.6 vs 29.1 6 5.3 years, P = 0.003) and null (26.0 6 3.0 vs 29.3 6 5.1 years, P = 0.03), and tended to be higher in NC (31.3 6 5.4 vs 28.1 6 4.9 years, P = 0.066) and I172N (30.1 6 4.3 vs 28.4 6 5.6 years, P = 0.078). The age at the birth of the last child (if more than one child) was similar in CAH males and controls, except in the SW phenotype (Table 3 ). The mean age at the birth of the last child was slightly lower in all males with CAH compared with controls (32.1 6 5.6 vs 33.7 6 5.2 years, P = 0.052), lower in SW (30.7 6 4.9 vs 33.6 6 5.2 years, P = 0.036), and similar in SV, NC, null, I2 splice, I172N, and P30L (data not shown). The number of biological children in the entire cohort of males with CAH was lower compared with controls (0.6 6 1.0 vs 0.9 6 1.2, P , 0.001). The proportion of sons among those who had biological children was similar in all comparisons, even though when looking at the OR, there seemed to be fewer sons among the more severe phenotypes or genotypes. One male with NC had two children with CAH (one with V281L and one with I2 splice), whereas three of the controls had children with CAH (one had fathered two children with CAH) (OR, 45.3; 95% CI, 4.6 to 441). Males with CAH had rarely fathered children with several partners (Table 1) . Adoption was more common among males with CAH, especially in SV/I172N subgroups (Tables 1 and 3 ). Having no siblings was similar in males with CAH and controls (19.5% vs 19.9%; OR, 1.0; 95% CI, 0.7 to 1.4) and the subgroups (data not shown).
Socioeconomic characteristics
Men with CAH and controls were equally likely to be married (Table 2) . This finding was similar in all subgroups except in the NC males, where more had married (Table 4 ). The number of remarriages was similar in males with CAH and controls (data not shown). The age at the first marriage of males with CAH was, compared with controls, lower in all patients (29.5 6 5.2 vs 31.1 6 6.5 years, P = 0.038), SW (27.7 6 4.6 vs 31.1 6 6.1 years, P = 0.02), null (28.0 6 3.7 vs 31.4 6 5.8 years, P = 0.042), and I2 splice (26.8 6 4.7 vs 30.6 6 6.2 years, P = 0.044) and similar in SV, NC, I172N, and P30L. The divorce rate was higher in the SW and I2 splice groups. There was no registered partnership among the patients, although this occurred occasionally in controls (0.05%). None of the males with CAH was a widower, compared with 0.7% of controls. The region of residence was similar for males with CAH and controls. The level of education was similar between patients and controls; however, on a subgroup level, NC and I172N comprised more individuals with a university degree, and two patients with NC had a PhD degree.
Before and after the introduction of neonatal screening Fewer males with CAH born before the introduction of neonatal screening had children, compared with controls (OR, 0.5), which was in sharp contrast to those born afterward (OR, 1.0) ( Table 1) . Men born before the screening had adopted children more often than controls (OR, 2.9). Divorce was more frequent among men with CAH born after the introduction of neonatal screening (Table 2) . Patients with CAH born before the introduction of screening more often earned middle-range incomes and less often high incomes, compared with controls.
Fertility outcome on controlling for socioeconomic factors
The OR for males with CAH who had children became slightly lower on controlling for marital status, region of residence, education, and income in the total cohort, for all phenotypes and genotypes except P30L. However, marriage was the only socioeconomic factor that altered the significance for having fathered a child (i.e., marriage decreased the likelihood of becoming a father). This was also the case when comparing the situation before and after the introduction of neonatal screening (Tables 1  and 3 ).
Discussion
This is the largest study that investigates biological and adopted children as an indirect measure of fertility in males with CAH in comparison with matched controls. Moreover, all males diagnosed in Sweden with 21OHD, age 15 years and older, were included. Socioeconomic factors that may influence fertility were also studied. We found that the number of men with CAH who had biological children was remarkably low compared with controls in the entire cohort, in the classical phenotypes and genotypes (some did not become significant until adjusted for socioeconomic factors), and in those born before the introduction of neonatal screening. In contrast, the NC group and those born after the introduction of neonatal screening seemed to have normal fertility outcomes. Our overall finding, namely, that males with CAH were less likely to have fathered a child, is in accord with most previous studies on males with classic CAH (2, 4, 5) and with mixed classic and NC forms of CAH (3, 4) . In a recent French national survey of 219 adult males with classic CAH (5), 159 of whom responded regarding marital status and fatherhood, 52 out of 104 (51%) of those who reported cohabitation had fathered a child, some after in vitro fertilization (5 of 52). This was a lower frequency than in the French reference population in which 79% were fathers (5). The current study adds new data on fatherhood to the French results because the different phenotypes/genotypes, before and after the introduction of neonatal screening, adoption frequency, and adjustments for socioeconomic factors are presented. Because very few males with nonclassic congenital adrenal hyperplasia (NCCAH) have been reported on, probably due to not being diagnosed (21), fertility has only been reported in detail in a few cases (4), with no possibility of evaluating whether fertility was decreased. Many of the males with NCCAH included in the current study were patients of ours, and they had mostly been diagnosed due to premature pubarche or family screening. A positive finding in our study was that fertility seemed to be normalized in males born after the introduction of neonatal screening. One could speculate that being diagnosed early or having a milder form of the disease normalized fertility in the males. Before the introduction of neonatal screening in Sweden, males in the SV group, phenotypically and genotypically, were often detected at 3 to 28 years of age due to early virilization (22) . The low fertility rate in females with CAH has been reported to be a result of 70% of them not having tried to become pregnant (11) and was also influenced by the CYP21A2 genotype and bi-or homosexual orientation (23) . In contrast, we found no evidence for an increased rate of homosexuality in the males. None had a registered partnership, which could be regarded as an indication of sexual orientation in the group. In previous smaller studies, males with CAH have shown no signs of altered sexual orientation (4, 24) .
The age at the birth of the first child may indicate difficulties in becoming a father. However, in the current study, males with the most severe phenotypes and genotypes (i.e., SW and null) were younger than the controls, whereas in the I172N group, they were older than the controls. In the only study that has investigated this No OR and CIs were calculated when no patient had the condition. a P , 0.05.
before, there was no difference in the paternal age at the birth of the first child compared with controls, but the males with CAH had tried longer to become fathers (4). It is plausible that if they had been informed of an impaired fertility, they may have started earlier to try to have children. This could possibly explain why males in the SW and null groups had children earlier than the controls. The number of children among those who had succeeded in becoming fathers was similar between patients and controls. This has not been studied previously because the number of children per male with CAH has also included those not having children (2, 4) . Adoption was more prevalent among men with CAH, both among those born before screening and those in the SV/I172N group, compared with controls. Most CAH males who had adopted had done so twice, whereas controls had mostly adopted only once. The adoption frequency has been investigated previously; however, only one male with 46, XX and CAH was found to have adopted children (4) . The skewed female-to-male ratio of the children of females with CAH (11) was not generally found among the males, but there seemed to be fewer boys born to fathers with CAH in the more severe groups. Among mothers with NCCAH, 1.4% to 3.0% had been reported to have a child affected with classic CAH and 11.9% with NCCAH (25, 26) . This is similar to our finding with one father with NCCAH having one child with classic CAH and one with NCCAH, (i.e., 1.5% of all fathers with CAH had at least one child affected by classic CAH and/ or NCCAH). It is unclear if it is warranted to genotype the partners of all patients with CAH and offer genetic counseling, but it has been suggested for at least NCCAH patients with one severe mutation (25) . We suggest, as a minimum, that an investigation with biochemical screening of all children born to parents with CAH should be performed. This will, however, automatically be the case in countries with neonatal screening.
The main reason for the reduced number of biological children among men with CAH is thought to be the presence of TARTs, which are usually bilateral and prevalent in 34% to 94% of adult males when testicular ultrasound is performed (3) (4) (5) (6) (8) (9) (10) . TARTs have mainly been found in males with a SW phenotype (null or I2 splice) (8, 9, 27, 28) , but also in SV (I172N) (8, 9) . However, others have found a similar prevalence of TARTs in all phenotypes and genotypes (4, 6, 22) , including NC (V281L) (4). Our fertility data showed that NCCAH patients had similar or even higher fertility outcomes compared with matched controls. Thus, TARTs, at least smaller ones, may not play a major role in fertility. Moreover, many men with TARTs will become fathers (29) . However, it was not possible to retrieve any data on TARTs in this register study.
Because adrenal androgens are aromatized into estrogens in the periphery, increased adrenal androgens suppress gonadotropin secretion, which may impair fertility. In fact, some men with CAH have been shown to have low luteinizing hormone (LH), follicle-stimulating hormone (FSH), and testosterone (5, 9), whereas others have high gonadotropins and inhibin B, together with low testosterone, indicating testicular damage (4, 5) . Both overtreatment (9) and undertreatment with glucocorticoids (30) may hamper fertility. Unfortunately, we could not investigate this in our cohort due to the lack of register data.
This study also examined socioeconomic factors that may impact fertility. Adjusting for the different socioeconomic factors slightly lowered the OR for fatherhood in men with CAH; however, marriage was the only significant socioeconomic factor. Thus, marriage did not increase the likelihood of fatherhood in males with CAH as in controls. It even decreased it. The frequency of marriage was similar in all groups except the NC group, which had a higher frequency, and is consistent with other studies reporting on marriage/cohabitation (5, 31). We had, however, no data on cohabitation. The divorce rate was elevated in the SW and I2 splice groups, which also had the lowest rate of children. We can only speculate as to whether there is a causal relationship. Moreover, nearly all fathers with CAH had only one mother to their children, and if adopting, they adopted two children more often than controls.
The patients born before the introduction of neonatal screening had a tendency to live more often in metropolitan areas, possibly with better access to specialized care. Neither the divorce rate nor the regions of residence have been studied in men with CAH hitherto. The I172N group had achieved a higher level of higher education and had also adopted more often. One may wonder if the higher age at the birth of the first child in the I172N group was a result of postponing having children due to university studies and if the economic situation influenced the adoption rate. On the other hand, the males with NC had the highest rate of children, but also the highest level of education. The educational level did not differ between men with CAH and controls in the entire cohort, but men with CAH were more likely to be in the middle income group and less likely to be in the high income group. Encouragingly, this difference in income seemed to have disappeared with the introduction of neonatal screening.
The frequency of biological children did not differ between men born after the introduction of neonatal screening and controls. This could be due to their younger age and the lower total number of children in this age group, thereby masking a possible difference and introducing a greater element of chance in the assessment. It can also be speculated that an early diagnosis and treatment are of importance for gonadal development. Early treatment may normalize the FSH and LH levels during minipuberty, which would otherwise be suppressed by the adrenal androgens. The physiological importance of the minipuberty is not completely understood, but one can envision that early FSH and LH stimulation, resulting in testosterone synthesis in the Leydig cells, may be of importance for testicular and Sertoli cell development and future fertility (32) .
The major limitations of the current study are that all outcome data were derived from national registries, with the result that we did not have data on TARTs, fertility treatment, hormone levels, medication, or sperm analysis. Moreover, we were only able to retrieve data on marriage, divorce, and registered partnership, and not on cohabitation, partners, and desire to become a father. Furthermore, there is no guarantee that the assumed biological fathers were in reality the biological fathers; however, this has been estimated to occur in less than 2% (33) . There may also be other explanations why men with CAH have a lower frequency of biological children and a higher frequency of adoption than reduced fertility, an example being psychosocial factors, including growing up with a chronic disease and thinking that they are unlikely to be fertile and therefore decide to pursue adoption instead. It is also possible that males with CAH are concerned about having an affected child and therefore choose adoption. A prerequisite for obtaining approval by the Ethics Committee was that all subjects included were anonymized to protect their integrity. Therefore, it was not possible to compare the study results with information from medical files. Furthermore, even though this is a very large study in the field of CAH research, the number of individuals in the different phenotypes and genotypes was low. Hence, the results from the subgroup analyses must be interpreted with caution. In addition, we only studied men with 21OHD and no other variants of CAH (e.g., 11b-hydroxylase deficiency or 3b-hydroxysteroid dehydrogenase deficiency, variants that have hardly been studied at all) (4, 34) . The results of the current study could, however, probably be applied to these groups as well.
In contrast, the strength of this study is the unique national registry of individuals with CAH, which covers nearly all patients diagnosed in Sweden, with most registered patients being both genotyped and phenotyped. By including the patients identified via the National Patient Register, we were able to obtain a nearly complete coverage of all men with CAH in Sweden. Moreover, 100 controls were matched to each CAH case, making the analyses very robust.
In conclusion, CAH in males was generally associated with a reduced frequency of biological children and an increased frequency of adopted children, suggesting lower fertility. Socioeconomic characteristics did not appear to influence the frequency of biological children to a larger degree. Males with NCCAH had children at a similar or even higher rate than controls. In males born after the introduction of neonatal screening for CAH, the frequency of biological children was normal, suggesting that fertility issues in men with CAH may be a diminishing problem in the future. The risk of having children with CAH is, however, increased, and all children of parents with CAH should at least be biochemically screened.
